Abstract. Highly lattice-mismatched InP/Si nanowire heterostructures were synthesized using the metal-organic chemical vapor deposition (MOCVD) process at 450 ºC. The InP nanowire diameter as high as 500 nm is much thicker than the critical diameter (~24 nm for InP/Si) predicted by a recent theoretical work on the coherent growth of nanowire heterostructures. We investigated possible factors that lead to the unusually large diameters in a highly latticemismatched material system. Dislocations formed at the interfacial plane of the heterostructure due to high lattice mismatch were found to contribute to the growth of nanowires with very large diameters. An extra pair of dislocation lines at the interfacial plane was found to support an increase in nanowire diameter by ~12 nm.
FACTORS INFLUENCING HETEROSTRUCTURE
According to the ideal theoretical analysis by Ertekin et al. in Refs. 1 and 2, one finds a diameter limit of InP nanowires grown on Si for strain-free coherent heterostructures. The important point to note that the ideal theory does not restrict the growth of nanowires having diameters larger than the predicted values and our study clarifies that even with highly latticemismatched materials, nanowires with diameters larger than the critical values predicted in Refs. 1 and 2 can be grown via a chemical vapor deposition (CVD) process. We show in this report that nanowire heterostructures with larger than the predicted critical diameters will have multiple dislocation lines at the interface and thus will be incoherent in structure.
Our analysis uses a planar substrate as opposed to the circular substrate that Ertekin et al. considered in their theoretical analysis [1, 2] . Figure 1 presents a schematic comparison between the two approaches.
According to Ref. 2, the effective lattice mismatch is expressed as ,
where f = (R s -R o )/R s is the lattice mismatch; R s and R o are the substrate and overlayer radii, respectively; b is the Burger vector (the net number of extra rows and columns of atomic lines that are discontinued in a topological crystal defect) for each dislocation; and n is the dislocation parameter that indicates whether the heterostructure interface is coherent or incoherent. Whereas n = 0 represents a coherent or dislocation-free heterostructure, n = positive integer means incoherent heterostructure with dislocation lines at the interface. The effective strain-energy relaxation is allowed through both the overlayer and the substrate. This enables the accommodation of effective lateral strain by the residual substrate strain, rs , and the residual overlayer strain, ro , and thus leads to the expression [1, 2] . [1, 2] . (b) Schematic of our process. R s : substrate radius, R o : overlayer radius, and z: growth direction. z = 0 is the interface. Nanowire grows orthogonal to the substrate in both cases. Our planar substrate instead of a circular one is supposed to enhance the strain-release process during nanowire growth.
It is appropriate to note that Ertekin et al. have made several assumptions for a simple mathematical formulation. Some of them are: elastically isotropic materials, heterostructure system under biaxial stress, negligible shear stress components, uniform radial-stress components, and initial planes in equilibrium remain planar even after interfacial bonding between the substrate and the overlayer [1, 2] . In parallel to the Matthews critical thickness model [16] , Ertekin et al. developed the critical nanowire radius (R o ) model governed by [1, 2] ,
where E n , Y, , , are the total energy, Young's modulus, Poisson's ratio, decay parameter, and a constant, respectively. The first term in Eq. (3) represents the elastic strain energy and the second term is the dislocation energy. From the conditions n = 0 (no dislocation) and n = 1 (one pair of edge dislocation lines), Ertekin et al. [1, 2] simulated critical overlayer radii (R o ) for several heterostructures for coherent growth. For InP on Si, it was simulated as ~12 nm.
Circular vs planar substrate
As shown in Fig. 1 , Ertekin et al. considered a circular substrate to extract simulation results. We grew InP nanowires on a planar Si substrate. As the growth initiates, strain-energy release also initiates. For the circular substrate, the energy-release rate is limited by the boundary conditions. This is because strain cannot propagate through the atomic planes beyond the perimeter of the substrate. As a result, residual strain in the interfacial plane exerts a compressive stress on the overlayer atomic plane. In a planar substrate, there is more room for interfacial strain propagation through the substrate atomic plane; thus, the strain-relieving process is enhanced to support the growth of large diameter nanowires.
Multiple interfacial dislocation lines
Ertekin et al. [1, 2] considered only a pair of mutually orthogonal dislocation lines in the interfacial plane between the substrate and the overlayer. This is a very simplistic assumption, since multiple dislocation line pairs can form when two highly lattice-mismatched material planes are interfaced as shown in Fig. 2 . When the atomic plane with the smaller lattice constant (a y ) is placed on top of the plane with the larger lattice constant (a x ), some of the atomic lines of the y atomic plane coincide with the atomic lines of x atomic plane and the rest of the atomic lines of the y atomic plane experience discontinuity at the interfacial plane as explained in Fig. 2(c) . This artificial discontinuity of the atomic lines for material y is equivalent to dislocation. Multiple dislocation-line pairs collectively can contribute to accommodating the release of strain energy in a pair of highly lattice-mismatched materials and facilitate nanowire growth with large diameters.
Equation (3) is based on simple edge-dislocation configurations that can be easily analyzed in mathematical form. There can be other forms of dislocations, e.g., screw dislocations [19] , which may be energetically more stable than the ones considered in Refs. 1 and 2. When a screw dislocation is considered along with edge dislocations, a greater amount of misfit strain energy may be released through the heterostructure interfacial plane than when only edge dislocations are considered. As higher strain energy can be relieved, largerdiameter nanowires can grow with stable structure.
Another important point to note is that, as material y sits on top of material x, which has a smaller lattice constant, mechanical stability is established through tensile stress in material x and compressive stress in material y due to their lattice mismatch. The magnitudes of the tensile and compressive stresses are proportional to the magnitude of lattice mismatch. This effect leads to a nonuniform interfacial plane, probably enhances the strain-release process, and supports the growth of nanowires of material y with larger diameter.
Nonequilibrium process
Ertekin et al. [1, 2] simplified the growth process as an equilibrium process. In practice, nanowires grow in nonequilibrium ambient conditions inside a CVD reactor wherein the gas flow rate, temperature, pressure, impurities, and surface characteristics influence the growth mechanisms from the beginning of nucleation. A small variation in any of these process conditions will result in different growth kinetics and will manifest in terms of nanowire diameter variation, growth rate variation, etc. More work is underway to develop a model and an in-depth understanding of the nonequilibrium ambient and to comprehend the effects of various kinetic growth parameters on the heterostructure growth mechanism.
SIMULATION RESULTS AND ANALYSIS
Simulation results were generated based on Eq. We extended the simulation to focus on the parameter n, which represents the number of orthogonal dislocation-line pair at the heterostructure interfacial plane, for InP nanowires on a Si substrate. The data plotted in Fig. 3(c) show that the nanowire critical radius increases almost linearly with the number of dislocation-line pairs. Table 1 summarizes the simulation results depicted in Fig. 3(c) with numerical values and shows that a higher number of dislocations favor the synthesis of InP nanowires on Si with larger diameters. A quantitative conclusion from Fig. 3 (c) and Table 1 is that, for every added pair of dislocation lines, we can grow nanowires with ~12 nm larger diameter. 
EXPERIMENT

Fabrication
In a vertical metal-organic chemical vapor deposition (MOCVD) reactor equipped with a close-coupled showerhead, we synthesized InP nanowires on (111) Si substrates using gold (Au) catalyst. Samples were cleaned with hydrofluoric acid (HF) before patterning some areas on the samples by conventional photolithography. E-beam evaporation technique was used to deposit Au with a thickness of 0.5 nm for sample 1 and 1 nm for sample 2 in defined areas. The substrate was then transferred in ambient air to the reactor which was operated at a pressure of 76 Torr with a hydrogen (H 2 ) flow of 10 slm. In order to form Au catalyst nanoparticles from the deposited Au thin films, samples were annealed at 650 ºC in hydrogen ambient for 10 minutes. Under these conditions, the deposited Au film evolves into selfassembled Au nanoparticles suitable for vapor-liquid-solid (VLS) [20] growth with size ranging from 20 to 80 nm, as shown in Fig. 4 . The temperature was then lowered to 450 ºC and trimethylindium (TMI or In(CH 3 ) 3 ) and phosphine (PH 3 ) were introduced to initiate InP nanowire growth. Nanowires were grown for 10 min and the typical nanowire length was found to be 1 µm with a growth rate of ~0.1 µm/min. In general, compatibility with Si complementary metal-oxide semiconductor (CMOS) processes requires the temperature to remain below 450 ºC, and we designed our recipes accordingly. 
Results and analysis
After the growth, optical microscope, field-emission scanning electron microscope (FESEM), and transmission electron microscope (TEM) were used to investigate the samples. The diameter and the height of the nanowires were measured using the FESEM images. We did not notice the presence of any 2D films in the areas around the nanowires. In the FESEM images, we observed three distinct regions on the sample: catalyzed region (area coated with Au particles), uncatalyzed region (seemingly no Au particles), and edge of the catalyst region (the contour) as shown in Fig. 5 . In the catalyzed area, similar growth was observed in both samples with nanowire length ranging from 1 µm to 2 µm. The Au catalyst particle diameters were found to vary from 23 to 56 nm for sample 1 and from 50 to 90 nm for sample 2. The size variation is mainly due to the difference in thicknesses of the initial Au layers. The nanowire densities were estimated to be ~5×10 8 cm 2 , ~2×10 3 cm 2 , and ~10 cm -2 for the catalyzed, contour, and uncatalyzed regions, respectively. The lower density of nanowires than the maximum density of the Au catalyst nanoparticles is to be expected, since not all the catalyst particles can initiate the nanowire growth. This is because all the catalyst nanoparticles do not get sufficient precursor gas molecules to initiate nucleation. Thermodynamically favored coalescing also reduces the density of Au nanoparticles. We observed both hexagonal and rectangular shaped nanowires with tapered diameters along the entire length as shown in Fig. 6 . . The contour is an isolation region between the catalyzed and the uncatalyzed areas. The nanoparticle density in the uncatalyzed area is ideally zero. Fig. 6 . Nanowires on the catalyzed region of (a) sample 1 and (b) sample 2. Along with regular cylindrical nanowires, many tapered rectangular shaped nanowires of 1-2 µm length were observed. The catalyst nanoparticles are visible on the nanowire tips in both cases. Many bent nanowires were observed in sample 2. In (b), [111]-oriented nanowires are rectangular and the misoriented nanowires are mostly hexagonal in shape with high density of irregular bending. Figure 6 shows the SEM images of nanowires grown on the catalyzed regions of the samples. Au particles visible at the tips of the synthesized nanowires confirm that the nanowires grew through a catalytic process. Regular cylindrical nanowires were found to grow with Au particles having diameter 23 to 27 nm attached to the tips. The catalyst particles with larger diameter caused either tapered nanowires with rectangular cross-section in sample 1 or irregular shaped and geometrically misaligned nanowires in sample 2 as shown in Fig. 6 (b). Krishnamachari et al. reported rectangular cross-section (001)-oriented defect-free zincblende and <111>B-oriented InP nanowires with stacking faults [12] . The nanowire sidewalls are oriented in the <110> direction. The irregular shape of the nanowires in sample 2 in Fig. 6(b) can be explained as follows. The bigger catalyst nanoparticles initiated nanowire growth by forming nucleation in a larger area on the substrate; as the growth continued, mechanical stability rate could not cope with the growth rate due to slower thermal energy release from the nanowires at the growth temperature. As a result, nanowires became bent. . A high density of nanowires in sample 2 was observed, since this sample was deposited with 1 nm Au film. Nanowire diameters are comparable. Figure 7 shows the nanowires grown at the edges of the catalyzed region. We observed that these nanowires grew much faster than those on the catalyzed region with length ~80 µm for sample 1 and ~60 µm for sample 2. The rapid diffusion of the adatoms on the sample surface around the nanowires is likely to cause this high growth rate. Adatom diffusion was also observed for III-V semiconductor nanowires, e.g., GaP [21] and GaAs [22, 23] . The supply of the source atoms to the catalyst nanoparticles may happen in two ways: (i) atoms coming directly from the source gases are absorbed at the nanowire tips, and (ii) the free atoms that get decomposed on the uncatalyzed surface are absorbed through the nanowire surface starting at the nanowire root as the growth continues, as illustrated in Fig. 8 . 
InP
We believ were supplied density on th observed a la variation is c controls the d In the unc randomness in the same roo density of in interesting to (<111>) was growth direct particles at th have got diss similar to the [26] . Hannon diffusion dur nanowires an consumed into that in Fig. 1 Fig. 11(a Fig. 12 . A high density of stacking faults perpendicular to the growth direction, visible as dark bands, was observed and is expected to influence the physical and electrical properties of the nanowires. This is the result of rotational twins, due to an alternation between the zinc blende (ZB) and the wurtzite (W) crystal structures, as described in Refs. 30 and 31. The inset in Fig. 12 depicts this property. We observed that the stacking faults in nanowires with small diameters (less than 100 nm) are more dominant at the nanowire tips near the Au catalysts, as shown in Fig. 12 . Most of these nanowires did not show any fault near the base. In Fig. 11(b) , the nanowires with large diameters demonstrate a high level of surface smoothness-an indication of the absence of stacking faults. Our observation on the formation of the stacking faults above a certain height needs further investigation for a clear understanding. Akiyama and coworkers developed a model and showed that the energy difference between W and ZB structures in InP is ~3.4 meV/atom for the nanowires with more than 20 nm diameter [32] . The negligibly small energy difference between the two structures might have contributed to the bistability of our InP nanowires. Another possible cause of this bistability may be driven by the oscillatory growth present in a VLS process with no stable orientations parallel to the growth direction [33] . It needs to be noted that many reported III-V nanowires did not show any stacking faults and a trend opposite to ours may not be unlikely. Joyce and coworkers demonstrated a novel synthesis method by employing an initial high temperature step for generating straight, vertically aligned epitaxial nanowires followed by a low temperature growth for minimizing the radial growth and preventing the twinning defects [34] . Recently, Guo et al. reported the Auassisted growth of GaSb/GaAs nanowires without any stacking faults along the nanowire length or any defects at the interface and suggested that hetero-interfacial strain was fully relaxed because of the thermodynamically governed growth process with a very slow growth rate of ~8.3 nm/min [35] . We observed more than an order-of-magnitude faster growth rate (~0.1 µm/min) than that reported by Guo et al., which is likely to cause the defects and stacking faults in our nanowires. It is expected that the interfacial strain energy cannot reach a minimum with a very high growth rate and the effect is observed in terms of the stacking faults. The issue of stacking faults is still not understood well, and the complexity underlines the necessity for further studies to develop a complete understanding of the III-V nanowire growth on a Si surface.
DISCUSSION
The experimental results presented in Sec. 4 are influenced by all the factors discussed in Sec. 2. Dislocation is the most prominent factor that led to the nanowires with unusually large geometry for the growth conditions we implemented. The planar substrate we used is expected to help the rapid release of the strain energy resulting from the lattice mismatch and, thus, supports the synthesis of nanowires with larger diameters. The nonequilibrium growth conditions inside a CVD reactor definitely influence the growth kinetics. A complete model needs to be developed to shed more light on this aspect of the growth mechanisms. Even though the unusual growth mechanisms are not clearly understood, the analysis presented in this article for the hetero-epitaxial growth technology will lead to the advancement of the physics to understand the interfaces in the lattice-mismatched III-V nanowire heterostructures on Si surfaces. This study will also help understand the mechanical, thermal, and electrical properties of III-V nanowire heterostructures with the ultimate goal of employing them in future nanoscale photonics and high speed electronics.
CONCLUSION
We have investigated the growth mechanisms of the InP nanowires with large diameters and high growth rates on a planar Si substrate. We have established that incoherent nanowire heterostructures can be grown with highly lattice-mismatched materials. The dislocations formed at the interfacial plane help release the misfit strain energy and thus, enhance the large diameter nanowire growth. The simulation results show that an additional pair of orthogonal dislocation lines at the hetero-interface can support ~12 nm increase in the nanowire diameter. Both rectangular and hexagonal shaped nanowires were observed with stacking faults orthogonal to the <111> growth direction. Some nanowires were observed to have irregular shape due to the deviation from <111> direction. The density and the size of the catalyst particles influence the growth rate and the nanowire diameter. We have demonstrated that InP nanowires with diameters as large as 500 nm and a high aspect ratio of 250 can be grown on Si substrate at a considerably low temperature. The ability to grow InP nanowires with large diameters and an understanding of the growth dynamics could open the opportunities for the fabrication of ultrafast III-V semiconductor based electronic and photonic devices on Si substrates.
